von Willebrand disease (vWD) type llB is characterized by an increased reactivity of von Willebrand factor (vWF) with platelets and a lack of large multimers. Exon 28 of the vWF gene encodes for functional domains involved in the binding of vWF t o GPIb, and it is presumed that the defects in type llB vWD lie within or adjacent t o these functional domains. We screened overlapping DNA fragments generated by the polymerase chain reaction (PCR) that spanned the 1,379 bp of exon 28 of a type 118 vWD patient using denaturing gradient gel electrophoresis (DGGE). To increase the power of DGGE t o detect base changes, we used the PCR t o attach a G + C-rich sequence. In the type llB patient, a DNA fragment at the 5' end of exon 28 demonstrated homoduplex and heteroduplex complexes after DGGE, a pattern characteristic of heterozygous genes after melting and reannealing during the PCR. Sequencing of the cloned insert from the patient showed a duplication of an ATG in one gene coding for a Met ON WILLEBRAND factor (vWF), a large multimeric V plasma glycoprotein (GP), plays a crucial role in primary hemostasis, acting as a carrier for factor VIII, stabilizing its activity, and as a mediator of platelet adhesion to vascular subendothelium. ' The vWF gene spans 178 kilobases (kb), contains 52 exons,' and has been localized to chromosome 12?4 A pseudogene has been identified on chromosome 22.7 The primary transcript is approximately 9 kb in length and encodes a 2,318 amino acid (aa) precursor protein (pre-provWF) composed of a 22-aa signal peptide, a 741-aa propolypeptide (von Willebrand antigen 11), and the mature vWF subunit (2,050 aa).8
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at amino acids 540 t o 541 in the mature vWF subunit. This duplication leads t o three consecutive methionines in the patient's sequence. The duplicated Met resides within a disulfide bond loop proposed t o be important in the function of the GPlb binding domain of vWF. The patient's nephew, who also has type IIB vWD, showed the same duplicated codon, linking the defect t o the abnormal phenotype in this family. These nucleotide changes were not found in 100 chromosomes analyzed either by DGGE or hybridization with an allele specific oligonucleotide containing the duplicated ATG codon. In addition, the same oligonucleotide hybridized only t o DNA from type IIB vWD individuals and not t o DNA from normal members of the family. Therefore, we conclude that this duplicated Met modifies the GPlb binding domain of vWF and causes type llB vWD in this family. 0 1991 by The Americen Society of Hemetology.
Several variants of type I1 vWD have been described with either a decreased (type IIA and IIC through IIH) or increased (type IIB) platelet aggregation in response to the antibiotic ristocetin? This abnormal interaction of vWF with platelets implies that the gene defects involve areas within or adjacent to functional domains on the vWF molecule that interact with platelet membrane GPIb. Exon 28 of the vWF gene codes for two noncontiguous regions that are located within aa 474 to 488 and 694 to 708 of the mature vWF subunit and that have been implicated in the binding of vWF to GPIb.'" Nevertheless, it is still unclear how these domains interact to bind to the platelet receptor and what role intervening or adjacent sequences play in this interaction. Therefore, determination of the gene defects in type IIB vWD patients will help in defining the structural requirements of vWF in its interaction with platelets.
We screened by denaturing gradient gel electrophoresis (DGGE)" overlapping DNA fragments generated by the polymerase chain reaction (PCR) from exon 28 of normal and a type IIB vWD patient. A 325 base-pair (bp) fragment including 49 bp of a G + C-rich region and 276 bp at the 5' end of exon 28 showed an altered melting behavior by DGGE. Sequencing showed a duplication of a trinucleotide ATG coding for a methionine at aa 540 to 541. The location of the duplication and its strong correlation to the abnormal phenotype indicate that it is the causative mutation of type IIB vWD in this family.
MATERIALS AND METHODS
The female patient was from a large four-generation family with type IIB vWD. Pedigree analysis showed that the disease was inherited in an autosomal dominant manner. The determination of factor VI11 activity (VIIIC), vWF antigen (vWFAg), vWF ristocetin cofactor activity (vWFRCo), and Ivy bleeding time has been described.'* One hundred units of VIIIC, vWFAg, and vWFRCo were defined as the amount present in 1 dL of a pool of 20 normal plasmas. Normal bleeding times are less than or equal to 8 minutes. Ristocetin-induced platelet aggregation (RIPA) is obtained in controls at concentrations of ristocetin equal Patient. Table 1 . DNA for the PCR was extracted from leukocytes isolated from 10 to 20 mL of whole blood as previously reported." Amplification of genomic DNA was performed according to the PCR as described by Saiki et all6 using an automated thermal cycler (Perkin Elmer Cetus, Norwalk, CT).
Approximately 1 pg of genomic DNA was incubated with 50 pmol of each oligonucleotide and 2 U of Taq polymerase (Amersham Corp, Amersham, UK) in a 100 KL reaction volume containing 0.2 mmol/L of each dNTP and PCR buffer (50 mmol/L KCl; 10
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mmol/L Tris-HC1 pH 8.3; 1.5 mmol/L MgCl,). The samples were amplified for 30 cycles of 1 minute at 94"C, 1 minute at 65"C, and 1 minute at 72°C before a final elongation step of 7 minutes at 72°C.
Ten microliters of the PCR products were analyzed by electrophoresis on a 1.5% agarose gel in TAE buffer (40 mmol/L Tris-acetate; 2 mmol/L EDTA). Small molecular weight products were removed from the amplified DNA reaction using Centricon 100 microconcentrators (Amicon, Danvers, MA) according to the manufacturer's instructions and stored at 4°C until used.
The melting behavior of overlapping DNA sequences from 235 to 843 bp, spanning exon 28 of the vWF gene, was calculated using the Melt87 Meltmap program kindly provided by L. Lerman." Thirty to fifty base pair G + C-rich regions (GCclamp)18 were attached to the 5' end of vWF-specific primers at strategic locations within exon 28 to create thermal-stable domains. Genomic DNA was amplified as described above after cutting the DNA with one of the restriction enzymes specific for the pseudogene" (Fig 1) to avoid amplification of the similar DNA segment in the pseudogene. Amplified DNA was analyzed by DGGE" performed as described by Attree et a1." Ten microliters of amplified sample was mixed with 5 pL of nondenaturing loading buffer (80% glycerol, 10 mmol/L Tris-HC1 pH 8.0, 25 mmol/L EDTA, 0.01% bromophenol blue) and submitted to electrophoresis on a 6.5% polyacrylamide gel in TAE buffer with a linearly increasing denaturing gradient (100% denaturant = 7 mol/L urea and 40% formamide) at 150 V for 5 hours. TAE buffer was maintained at a constant temperature of 60°C and continuously Hybridization with allele-specific oligonucleotides (ASO).
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RESULTS
Fragments between nt 3,676 and 3,951 of exon 28 from normal and type IIB vWD patient were amplified by PCR with primers GC31 and pW21 (Fig 1) and subjected to DGGE on a 50% to 80% denaturing gradient. Computer analysis of the melting behavior of this fragment, without the addition of the G + C-rich region, showed that base pair mismatches in the 5' region of the fragment would not be detected because the sequence-dependent migration of the fragment would be lost if the strands were completely separated. To prevent complete dissociation of the amplified fragment during DGGE, a GC-clamp of 49 nt was added to a 23-nt vWF sequence at the 5' end of exon 28 (primer GC31, Table l), creating a high temperature melting domain (with a melting temperature [tm] greater than 90°C) and two low temperature melting domains (tm 79.5"C and 77.7"C) (Fig 2) . The addition of the G + C-rich region to the primer did not alter the specificity of the PCR because products of the reaction showed only one band of 325 bp after agarose gel electrophoresis (Fig 3A) . Figure 3B compares the migration of the 325 bp amplified segment from the patient and the control after DGGE. DGGE of normal DNA showed only a single homoduplex band (band l), whereas DNA from the patient showed three bands (1,2, and 3), suggesting a sequence difference between her two genes. Bands 1 and 2 migrate relatively close to each other and probably reflect homoduplex formation of each individual allele with different melting temperatures. Band 3 showed a sharply reduced mobility in the gel, indicating heteroduplex formation of the alleles generated during the PCR. The sequence mismatch caused a significant decrease in the melting temperature of the fragments. This change was not observed by DGGE screening of 20 unrelated individuals, excluding the presence of common polymorphisms in this area. After amplification by PCR and DGGE, fragments 3' of this area spanning the remainder of exon 28 from normal and the type IIB vWD patient showed identical migration patterns (data not shown). Therefore, it appeared that the modified migration of the patient's DNA in DGGE observed with the 325-bp PCR fragment amplified with primers GC31-pW21 was associated with a sequence abnormality. Direct sequencing of DNA generated by asymmetric PCR" consistently showed a muddled sequence around nt 3,912, suggesting a small insertion or deletion in this area in one allele. Therefore, two additional primers were designed (pW33 and pW34) (Fig l) with EcoRI restriction sites at the 5' end for cloning (Table 1) . Primer pW33 was placed 39 bp 5' of primer GC31 in the adjacent intron and primer pW34 was located 3' of primer pW21 to make a somewhat larger fragment so that sequences would be easily readable within the area of interest.
Sequence of the single-stranded DNA (both sense and antisense strand) generated from cloned DNA fragments showed an additional three nucleotides (ATG) in DNA from the patient in approximately 50% of the clones from three separate amplifications of DNA (Fig 4) . Both the Oligonucleotide primers pW33 and pW34 were used t o amplify a 425-bp fragment that was cloned and sequenced. Antisense sequences of normal and abnormal alleles are given. In type llB vWD (right) the abnormal allele shows insertion of three bases noted as T*A*C*. In the coding sequence, presented below the sequencing gel, the insertion introduces a Met at aa 540 t o 541 of the mature vWF subunit.
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segment from a nephew (111-2 in Fig 5) who also has type IIB vWD with similar phenotypic characteristics as the patient. Approximately 50% of the clones from the nephew's DNA showed the same duplication of the ATG codon. In addition, A S 0 were constructed corresponding to the normal or proposed mutant sequences. The A S 0 with the duplicated ATG codon only hybridized to the amplified DNA from the propositus (11-3 in Fig 5) and two nephews with type IIB vWD patients (111-2 and 111-7) and did not hybridize to DNA from two unaffected members of the same family. The A S 0 corresponding to the putative mutation also did not hybridize to amplified DNA from 60 normal chromosomes. These data, combined with results of DGGE that showed that 40 normal chromosomes did not display an altered melting behavior, indicate that the duplication does not represent a polymorphism. As expected, the A S 0 with the normal sequence reacted with DNA from both affected and normal individuals (Fig 5) .
Once the mutation was known, we compared the observed shift in the mobility of the homoduplexes (bands 1 and 2, Fig 3) on the denaturing gradient gel with the shift predicted by the Melt87 Meltmap program. The tm of the second thermal-stable domain that contained the duplicated ATG (Fig 2) was calculated at base 240, giving the abnormal homoduplex a tm of 77.49"C and the normal tm of 77.86"C. The Melt87 Meltmap program calculated that in our DGGE conditions the abnormal homoduplex would migrate 3.0 mm less than the normal homoduplex, identical to that previously measured on the gel.
DISCUSSION
This study describes an insertion of three bases in the vWF gene of a patient with type IIB vWD. Part of the 1,379 bp of exon 28 is known to code for functional domains of vWF binding to platelet GPIb. When this work started, there was no consensus as to the location of defects in type IIB vWD patients, so we screened by DGGE DNA fragments generated by PCR spanning the entire exon 28. DGGE separates DNA fragments based on the melting properties of the sequence and has been used to distinguish DNA molecules that differ by a single base." The power of DGGE for detection of base pair differences can be greatly extended if G + C-rich regions are attached to the DNA fragment"' to insert an area that creates a high melting domain and prevents the molecule from completely dissociating during electrophoresis. GC-clamps can easily be addcd to DNA fragments during the PCR reaction and allow for a rapid screening method as a first step to roughly locate potential mutations. Using this stratcgy, a 325-bp fragment including 276 bp at the 5' end of exon 28 from the type IIB vWD patient showed homoduplex and heteroduplex complexes after DGGE, a pattern characteristic of hctcrozygous genes after melting and rcanncaling during PCR. This was the only area of exon 28 in this patient that showed an altered melting behavior, indicating a sequence difference between her two genes within the 325-bp DNA segment. sequence of cloned fragments showed both the normal sequence and a duplication of an ATG codon that was in frame and coded for a Met at aa 540 to 541 in the normal mature vWF. The normal protein sequence already has two methionines at position 540 and 541. Correlation of the defect to the abnormal phenotype in this family was shown by cloning and sequencing the same fragment from the patient's nephew who also has type IIB vWD and shows thc same duplication of the ATG codon. Furthermore, slot-blot hybridization using AS0 showed that only DNA from type IIR vWD members of the family hybridized to the oligonuclcotide containing the duplicated ATG codon.
The duplicated codon lies between the two noncontiguous sequences that code for the functional domains (aa 474 to 488 and 694 to 708) involved in the interaction of vWF with GPlb"' and does not directly include a glycosylation site. Nevertheless, the defect is located between Cys 509 and 695, in which intramolecular disulfide bridging has been hypothesized to be important in forming a loop to juxtapose these functional domains."' One can therefore speculate that an inscrtion of an amino acid within this loop could alter the specific topology of the functional domains and modify the complex interaction of vWF with GPlb.
The genetic abnormalities associated with type IIBvWD, however, are not clear. Modifications of carbohydrate on glycosylated amino acids have been implicated to take part in the abnormal interaction of vWF with platelets in type IIB vWD." Interestingly, after this manuscript was submitted, other potential mutations correlated to type IIB vWD were reported. They were grouped in the same area of the vWFgcnc from Arg 543 to Arg 578.?"'26This area is adjacent to the insertion described here, indicating that this region plays a crucial rolc in vWF interaction with GPIb. Similarly, point mutations in the vWF gene linked to type IIA vWD have also been found in one area of the vWF gene within aa 742 to 850 coded by exon 2827.?9 and correspond to a protease-sensitive region of the protein'" which is C-terminal of the two domains interacting with platelet GPIb."' Analysis of the expression products from mammalian cells transfected with the full-length abnormal vWF cDNA could show whether this duplication is associated with the characteristic type IIB multimcr pattern and abnormal platelet interaction. Only one of the point mutations linked to type IIA vWD has been succesfully shown by transfection and metabolic labeling of COS cells to involve an abnormal multimer pattern, suggesting that it may be due to intracellular proteolysi~.~~ The analysis of defects associated with type IIB vWD by expression studies will be more complex because the abnormal multimcrization appears to be due to an extracellular interaction of vWF with platelets in the plasma.
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